We report simultaneous specific heat (c p ) and thermal conductivity (κ) measurements for anisotropic and random macroscopic composites of cobalt nanowires (Co NWs), from 300 to 400 K. Anisotropic composites of Co NW consist of nanowires grown within the highly ordered, densely packed array of parallel nanochannels in anodized aluminum oxide. Random composites are formed by drop-casting a thin film of randomly oriented Co NWs, removed from the anodized aluminum oxide host, within a calorimetric cell. The specific heat measured with the heat flow parallel to the Co NW alignment (c p ) and that for the random sample (c R p ) deviate strongly in temperature dependence from that measured for bulk, amorphous, powder cobalt under identical experimental conditions. The thermal conductivity for random composites (κ R ) follows a bulk-like behavior though it is greatly reduced in magnitude, exhibiting a broad maximum near 365 K indicating the onset of boundary-phonon scattering. The thermal conductivity in the anisotropic sample (κ ) is equally reduced in magnitude but increases smoothly with increasing temperature and appears to be dominated by phonon-phonon scattering.
Introduction
Rapid progress in the synthesis, characterization, and processing of materials on the nanometer scale has created promising applications for industry and science. Commensurate in the reduction of size is the reduction of dimensionality. One-dimensional (1D) materials, such as nanowires and nanotubes, attract substantial interest due to the constraints that dimensionality places on physical properties, which is an area of great scientific research. Also, such systems are important for their potential in optoelectronics, sensing, energy conversion, as well as electronic and computing devices [1] [2] [3] [4] [5] [6] [7] . While most of the current research effort has been focused on electronic and optical properties, thermal transport properties are starting to attract great interest for basic science and intriguing technical applications [8] .
When crystalline solids are confined to the nanometer scale, phonon transport can be significantly altered due to various effects such as increased boundary scattering, change in phonon dispersion, and quantization of phonon transport [5, 6] . Many materials with high thermal conductivity, such as diamond, graphite, natural graphite/epoxy, copper, carbon, as well as SiC and carbon nanotubes, have been investigated and demonstrated promising potential for electronic and optoelectronic devices. Many of these materials can be used in commercial and aerospace applications, including power systems, servers, notebook computers, aircraft, spacecraft and defense electronics [9] . Predicting the thermal conductivity of nanowires plays a crucial role in two important fields: (i) heat dissipation, which is essential for designing future microprocessors, where nanowires may be used as heat drains [6] and (ii) new thermoelectric materials, in which a small thermal conductivity combined with high electronic conductivity typically yields high thermo-power. Because of the unique properties of nanowires, better performance of thermoelectric refrigeration could be realized [8] [9] [10] [11] .
Knowledge of nanowire thermal and thermoelectric properties is critical for the thermal management of nanowire devices and essential for the design of nanowire thermoelectric devices.
Several theoretical studies on the thermal conductivity (κ) of nanowires [5, [12] [13] [14] [15] [16] [17] [18] have shed light on the physics of their basic properties. It is generally understood that nanoscale porosity decreases the permittivity of amorphous dielectrics. But porosity also strongly decreases thermal conductivity [12, 19] . For nanowires with diameters smaller than the bulk phonon mean-free-path (λ B p ), theory suggests that the thermal conductivity of nanowires will be reduced when compared to the bulk [5, 12, 14, [16] [17] [18] . However, there are no predictions regarding the influence of confinement on the behavior of the specific heat (c p ). Knowledge of both c p and κ is important in determining the thermal relaxation time of materials. It is notable that there have been comparatively few experimental investigations at room temperature and above. The lack of experimental data is due to the difficulty in preparing single nanowire samples with the required specifications. Moreover, measurements made parallel or perpendicular to the long axis of a single nanowire or nanotube are difficult. The use of these materials are more likely in large macroscopic composites where their distribution can be controlled.
Cobalt is a magnetic material and Co nanowires (Co NWs) have distinctive magnetic properties, displaying promising use in applications such as recording media, nanosensors and nanodevices. There are a few experimental investigation of Co NWs magnetic properties [20, 21] . So far to our knowledge there is no experimental work done in measuring thermal conductivity of Co NWs.
This work employs an AC (modulation)-calorimetric technique to measure simultaneously the specific heat and thermal conductivity as a function of temperature on composite samples containing Co NWs from 300 to 400 K. By utilizing both a thin film of randomly oriented Co NWs between thin silver sheets and a composite material containing highly ordered Co NWs array embedded in an aluminum oxide matrix (also sandwiched between thin silver sheets), measurements were made over randomly oriented Co NWs and parallel to the long axis of Co NWs. For comparison a thin film of bulk cobalt in the form of an amorphous powder was also studied under identical experimental conditions. Following this introduction, section 2 describes the synthesis of the samples and the experimental technique. The results and discussions for the bulk cobalt and Co NWs samples are presented in section 3. Section 4 draws conclusions and presents possible future directions.
Experimental procedure

Synthesis of cobalt nanowires
Co NWs were synthesized by electrodeposition assisted by a homemade anodic aluminum oxide (AAO) template. Figure 1 provides a schematic of the synthesis steps. The AAO templates were obtained by a well-established twostep anodization process [22] [23] [24] [25] . Briefly, the first anodic oxidation of aluminum (99.999% pure, Electronic Space Products International) was carried out in a 0.3 M oxalic acid solution at 40 V and 10
• C for 16-20 h. The porous alumina layer formed during this first anodization step was completely dissolved by chromic acid at 70
• C. The treated sample was then subjected to a second anodization with the same conditions as the first. The thickness of the anodic film was adjusted by varying the time of the second anodization step. The resulted AAO templates can be further treated by acid etching to widen the nanopores. Pore diameters were controlled to within 45-80 nm by varying the anodizing voltage and etching time.
Cobalt nanowires were then electrochemically deposited by AC electrolysis in this nanoporous template using 14 V at 100 Hz for 150 min in an electrolyte solution consisting of 240 g l of ascorbic acid [23, 25] . After Co deposition, AAO can be partially or fully removed by etching with a 2 M NaOH solution to either expose the tips of the Co NWs or to obtain Co NW powders. The CO NWs were examined by x-ray diffraction (XRD) using a Rigaku CN2182D5 diffractometer and scanning electron microscopy (SEM) using a JEOL JSM-982 microscope equipped with energy-dispersion x-ray spectroscopy (EDS).
For comparison, bulk cobalt powder from Aldrich Inc. (−100 mesh, 99.9 + % pure) with particle size in the range of 2-10 μm was chosen. This bulk powder was used after degassing and drying in vacuum at ∼100
• C.
AC-calorimetry
A modulated (AC) heating technique is used to measure the heat capacity of the Co NWs and bulk powder cobalt samples. In this technique, the sample and cell, loosely coupled to a constant thermal bath, are subjected to a small, oscillatory, heat input. The specific heat and the thermal conductivity can be determined by measuring the frequency dependence of the amplitude and phase of the resulting temperature oscillation. The heat input P 0 e −ωt with P 0 ≈ 0.5 mW is supplied to the sample + cell typically results in a modulated temperature having an amplitude T ac ≈ 5 mK. The experimental details of our application of AC-calorimetry can be found elsewhere [26] [27] [28] .
The amplitude T ac is inversely proportional to the heat capacity of the sample. The measured T ac is related to the applied power, heating frequency, total heat capacity, and the various thermal relaxation times by
where P 0 is the power amplitude, ω is the angular frequency of the applied heating power, and C = C s + C c is the total heat capacity of the sample + cell. Here, C c = C H +C GE +C AAO + C Ag accounts for the contributions to the cell heat capacity by the heater (H), general electric #7031 varnish (GE), silver cell container (Ag), and the AAO template (for the parallel measurement). By subtracting the cell contributions, the heat capacity of the Co NWs may be isolated C CoNW = C − C c and by dividing by the mass of Co NWs yields the desired specific heat. Note that the contribution of the carbon-flake thermistor (θ ) is much smaller than all these elements and is typically ignored.
There are two important thermal relaxation time constants contained in equation (1), the external τ e = R e C and the internal τ
c that is the sum of the squared thermal relaxation times for the sample (τ s ) and cell (τ c ). Here, R s is the sample's thermal resistance and R e is the external thermal resistance to the bath. There is also a phase shift between the applied heat and resulting temperature oscillations but it is more convenient to define a reduced phase shift φ = + π/2 since for heating frequencies between 1/τ e and 1/τ ii , ≈ −π/2. The reduced phase shift, to the same accuracy as equation (1), is given by
where here τ i = τ s + τ c . Since τ c is typically small compared to τ s such that τ i ∼ = τ ii , equation (2) can be rewritten to give
The measured reduced phase shift φ also contains a linear ω dependence due to the fixed digitization rate of the thermal oscillation as the heating frequency increases. The observed φ is then given by
where a is determined by the digitization rate (in our case, a ≈ 1) and φ 0 is the resulting phase shift due to the digitizing deadtime (delay), which for our apparatus is negligible. Figure 2 shows a typical frequency scan of an AAO only sample at 340 K and illustrates the two relaxation time constants. The solid lines are fits using equations (1) and (3) and indicate the quality of this thermal model. Several such scans were performed at various temperatures to ensure the applicability of thermal analysis. The temperature dependent data shown below were done at a fixed frequency of ω = 0.1885 s −1 , which is above but close to 1/τ e . In figure 2 at frequencies near twice 1/τ i , a pronounced dip in the temperature amplitude occurs at 3.13 s −1 as well at multiples of this frequency. These features are likely due to the formation of standing waves within the cell and occur when the thermal diffusion length are multiple fractions of the physical thickness of the cell.
The effective thermal conductance, the inverse of the thermal resistance, of the sample can then be evaluated from the AC-calorimetric parameters as
where K s is in units of W K −1 .
With the geometric dimensions of sample + cell configuration, the effective thermal conductivity κ s in units of W m
where L is the thickness and A is the area of the Co NWs.
Sample configurations
The cell and Co NWs samples were prepared in two different ways for measurements with the heat flow parallel to the long axis (anisotropic, denoted with superscript ) and through a randomly oriented (denoted with superscript R) film of nanowires. The sample + cell configuration for the anisotropic measurement is shown in figure 3(a) . The general sample + cell configuration consists of a sandwich arrangement of heater, thin silver sheet (0.1 mm thick and 5 mm square), sample, thin silver sheet, and thermistor, all held together by thin applications of GE varnish.
For the anisotropic configuration, the Co NWs embedded in an AAO template were first separated from the Al substrate by wet etching in a 0.1% HgCl 2 solution, and the barrier layer was removed by wet etching in 0.5% H 3 PO 4 for 30 min. To ensure a good thermal contact between the Co NWs and the silver sheets, the AAO template was etched by 0.1 M NaOH solution to expose about 2 μm Co NWs on both ends. The typical thickness of Co NWs-AAO sample is about 20 μm. It was carefully sandwiched between the two silver sheets and secured by a thin layer of GE varnish. A 120 strain-gauge heater is attached to one side of the stack and a 1 M carbonflake thermistor to the other side by GE varnish.
Measurements with the heat flow through a randomly oriented film of nanowires were conducted in a similar arrangement, as shown in figure 3(b) . Co NWs were released from the AAO template by completely dissolving the AAO in 0.1 M NaOH. The powder formed of Co NWs were then dispersed in ethanol and drop cast onto one of the cell's silver sheets. This deposition resulted in a film of random oriented Co NWs approximately 0.1 mm thick. The remaining components of the cell were attached again by a thin application of GE varnish. In this randomly oriented sample Co NWs, the heat flow was averaged over all orientations of the nanowires.
For comparison, bulk powder measurements were done under nearly identical experimental conditions. The many point contacts between particles of pure powder Co mimic the random arrangement of the thin film configuration of Co NWs. All sample + cell arrangements had essentially identical areas, contact resistances between sample and cell, and similar thicknesses. In the random oriented and bulk powder sample + cells, the silver sheets might not be perfectly parallel to each other in the sandwich arrangement, but did not touch each other.
Estimation of specific heat and effective thermal conductivity of the cobalt bulk and nanowire samples is straightforward. Each component of the above described sample + cell arrangement was measured separately to determine the contribution of the thin silver sheets, heater, thermistor, GE varnish, and an empty AAO template (identically prepared but without the embedded Co NWs) as measured by the calorimeter under identical experimental conditions. The specific heat (c p ) of the cobalt is then calculated by subtracting these contributions from the total heat capacity and dividing by the cobalt mass. For the anisotropic sample, the mass of the Co NWs embedded in the AAO template was estimated by weight of released Co NWs per unit area. When calculating the effective thermal conductance, we assumed that the entire sample was covered by the cobalt for the bulk powder and random Co NW samples, and Co NWs are parallel to each other for anisotropic samples in AAO nanochannels.
For these measurements, contact resistance plays an important role. All samples and the components of the sample + cell, were measured under identical configurations (thickness, area, mass, and external thermal link). All have the sample, Co powder or NWs, attached to the silver cell with GE varnish as the thermal contact. Thus, the contact resistance contribution should be essentially the same for all measurements. This crucial similarity as well as the choice of bulk Co powder for comparison, allows the behavior of Co NW in the macroscopic samples to be isolated. Figure 4 shows SEM images of Co NWs embedded in the AAO templates. In figure 4(a) , an oblique view of the sample before etching by NaOH solution shows the highly ordered hexagonal pattern of the nanopores. The pore diameter and interpore separation are about 80 and 40 nm, respectively. Figure 4(b) is an SEM image of the Co NWs with the tips exposed by about 2 μm and figure 4(c) is a high-magnification image of the cobalt nanowires. With careful control of the etching process, etching in NaOH solution for 10 min is sufficient to expose all of the NWs tips. The majority of the Co NWs stood straight upward without severe agglomeration. If etching for prolonged time, the exposed Co NWs tended to bend and bundle together, forming islands.
Results and discussion
Morphology and microstructure study of Co NWs
A microstructure study of the as-prepared Co NWs was performed by x-ray diffraction (XRD) and shown in figure 5 . The results demonstrates that the Co NWs consists of a mixture of fcc and hcp structures. This is consistent with a nuclear magnetic resonance (NMR) study by Strijkers et al [29] on Co NWS synthesized by direct current method. The XRD peaks near 41.685
• and 47.57
• correspond to the (1010) and (1011) planes of the hcp structure. The peak near 51.522
• is attributed to the (200) plane of the fcc structure. The peak near 44
• could be a combination of the diffraction from the (0002) plane of the hcp structure and the (111) plane of the fcc structure; that near 75
• could be a combination of the diffraction from the (1120) plane of the hcp structure and the (220) plane of the fcc structure. It is also shown that the fabricated Co nanowires have a preferential orientation of direction (0002). The preferred orientation of the nanowires is attributed to the growth of the nanowires within the pores of the alumina film. No diffraction peaks from cobalt-oxide or from the alumina are seen in figure 5.
Specific heat of Co NWs
The Specific heats of bulk powder cobalt as well as anisotropic Co NWs and randomly oriented Co NWs mat configuration are shown in figure 6 . The specific heats of all samples were determined as a function of temperature from 300 to 400 K. The cobalt bulk powder sample measurement yields a c B p = 0.49 J g −1 K −1 at 300 K increasing smoothly to 0.61 J g −1 K −1 at 400 K. This result is about 13% higher in magnitude at 325 K but similar in temperature dependence with the literature [30, 31] and indicates the absolute uncertainty in magnitude. However, as is typical for an AC-calorimetric technique, the relative uncertainty (i.e. temperature dependence) is very higher (better than 0.5%). The magnitude of the specific heat for the two Co NW samples are c p = 0.53 J g
For the anisotropic Co NW configuration, c p increases linearly from room temperature to ∼320 K in a fashion similar to bulk sample. Above 320 K, c p increases much more rapidly with temperature than the bulk. In the case of randomly oriented mat sample, c R p increases more rapidly than that of either the anisotropic or the bulk sample from 318 to 387 K, above which it begins to decrease.
In principle, since the specific heat is a scalar quantity related to the thermal fluctuations of internal energy, one would expect that c p should be independent of heat-flow geometry for a given structure of the cobalt. The differences observed here are likely due to the composite nature of the sample + cell configuration. The similarity, at least just above room temperature, between c p and c B p is understandable as in this heat-flow configuration, the length of the Co NWs is comparable to the size of the bulk powder sample. The deviation beginning at ∼320 K may be a consequence of the 1D nature of the nanowires since one might expect 'bunching' of the phonons (phonon-phonon scattering) to dominate at some elevated temperature. For the random Co NW film sample, there is likely a very large number of contacts, on the nanometer scale, between individual Co NWs. Thus, the c R p measured is almost certainly an effective value for the sample + cell composite. However, the observed strong temperature dependence and maximum at ∼370 K for c R p is an intriguing indication of engineering materials with specific thermal properties.
Thermal conductivity of Co NWs
Figure 7(a) shows the effective thermal conductivity of bulk powder cobalt at 300 K to be κ B ≈ 67 W m −1 K −1 with a strong temperature dependence reaching a maximum at ∼360 K. The literature value for pure cobalt at 300 K is 90 W m −1 K −1 and displays only a weak temperature dependence [32] . The extracted thermal conductivity κ B is lower by 20 % is most likely due to incomplete filling of the cell. The maximum observed is also likely due to the powder nature of micron sized amorphous particles sandwiched in the cell where boundary-phonon scattering begins to dominate at ∼360 K. Again, as with the specific heat, the uncertainty in these measurements are typical for the absolute value but retains the high relative precision. The choice of samples and the carefully matched sample + cell configuration allow for direct comparison between these bulk measurements with those for the Co NW samples.
The derived thermal conductivity of the Co NWs for the two heat-flow configurations are shown in figure 7(b) . Both κ and κ R have values 83 times less than the bulk at 300 K. However, for increasing temperatures, κ (T ) behaves quite differently from the observed bulk trend, increasing in a smooth manner up to ∼380 K at which a small 'kink' is seen to a nearly constant value of κ ≈ 4 W m −1 K −1 . Although the uncertainty in absolute values is higher for the measured κ compared to c p , the marked reduction of magnitude of κ in both configurations with respect to the bulk is consistent with the 1D nature of the materials, in which phonon-boundary scattering dominates the phonon-phonon scattering. Very similar results are reported in bismuth telluride nanowires by Zhou et al [33] . However, for κ , the kink to a constant value at ∼380 K may be an indication of a cross-over from phonon-phonon to defect-phonon scattering within the NWs. For the random Co NW sample, κ R exhibits a similar temperature dependence as the bulk, although of greatly reduced magnitude. As with κ B , the observed maximum for κ R seen at ∼360 K is again likely due to the composite nature of the sample + cell arrangement and the onset of boundary-phonon scattering. The junctions between the nanowires dominant the heat transfer for κ R just as the contacts between bulk powder particles were for κ B . The slight difference in temperature for the observed maximum is consistent with the bulk powder particles being of much larger size (microns) compared to the diameter of the nanowires.
To better compare the temperature dependence of the effective thermal conductivity, normalized values (to that observed at 300 K, i.e. κ/κ 300 K ) are shown in figure 8 for the bulk powder and the Co NWs in the two heat-flow configurations. The fractional change of κ is much larger in the randomly oriented Co NWs samples and, as mentioned previously, is likely due to the enormous number of wirewire junctions. The fractional change of the anisotropic configuration matches closely up to 360 K with the bulk cobalt powder. Above 360 K the bulk begins to decrease. Although study on Co NW with different diameters is still in-going in our lab, it has been recently found that the thermal conductivity of silicon nanowires increases with increasing diameter [34] , consistent with a cross-over to bulk-like behavior seen in our investigation between the random film of Co NW and bulk powder Co.
Phonon mean-free-path
Although the results obtained here are for macroscopic composite samples, some insight can be obtained by considering the contribution of phonons with respect to the heat-flow configurations.
The lattice specific heat provides important information of the modified phonon spectrum in low-dimensional system such as nanotubes and nanowires [35, 36] . The temperature dependent phonon mean-free-path (λ p ), obtained from thermal conductivity measurements, is the result of scattering of phonons from domain boundaries, by defects, and/or phonon-phonon scattering [37] . Therefore, it is interesting to estimate λ p in a nanowires and compare the relative magnitudes among the samples studied.
The phonon mean-free-path may be calculated from the experimentally measured thermal conductivity and specific heat using
where ρ is the mass density of the cobalt sample and v p is the velocity of phonons in cobalt (here taken as that for pure cobalt 4700 m s −1 and a constant). The values estimated for anisotropic Co NW is λ p ≈ 485 nm and in the random configuration is λ R p ≈ 203 nm at 300 K. For the bulk powder cobalt sample, λ B p ≈ 40 μm at 300 K. Since the cobalt nanowires are 20 μm long, 80 nm in diameter, and that bulk particles are 2-10 μm in size, one would expect that boundary scattering would dominate for the randomly oriented Co NWs samples (λ R p > 80 nm) and bulk powder (λ B p > 10 μm) beginning at the lowest temperatures. Conversely, one would not expect boundary-phonon scattering to play a significant role for the anisotropic configuration since λ p 20 μm instead one can consider phonon-phonon or defect-phonon scattering mechanisms. The maximums observed in κ for the bulk and randomly oriented Co NW configuration could be the result of the onset of additional scattering mechanisms.
It is interesting to note that the maximums in κ and c p seen for the randomly oriented mat sample of Co NWs do not occur at the same temperatures, being ∼365 K and ∼382 K, respectively. Also, the maximum in κ observed in the bulk are not reflected by a similar feature in c p just as the plateau in κ seen for the anisotropic Co NW configuration has no companion feature in its c p . These observations indicates that the fluctuations in internal energy reflected in c p are independent to the scattering mechanisms responsible for the κ results in these macroscopic composite sample + cell arrangements.
The assumption of using the pure cobalt phonon velocity as a constant in temperature and the same for all samples is a weak one. From the definition of the thermal diffusivity, α = κ/c p ρ, one can estimate the temperature dependence of the product of the phonon mean-free-path and the phonon velocity as αρ = λ p v p ρ/3 = κ c p (6) where α is the thermal diffusivity. Here, we assume that the mass density ρ is taken as constant and so, from equation (6) gives λ p v p ∝ κ/c p . Figure 9 shows the result for the bulk powder and the Co NW configurations studied as a function of temperature. A broad maximum centered at ∼350 K is seen for the Co NW(random mat) sample and a much sharper 'peak' is seen at a slightly higher temperature of 360 K for the bulk cobalt. For Co NW ( ), only a plateau is revealed beginning at 380 K. These results suggest that the phonon mean-freepath and velocity are not trivially related and have complex temperature dependence for these macroscopic composite samples.
Conclusion
We report the experimental results of the specific heat and effective thermal conductivity of two types of arrangement of Co NWs, i.e. randomly oriented and anisotropic, and compare them with bulk cobalt powders. The particle nature of the bulk powder and randomly orientated Co NWs leads to strong deviations of both κ and c p from that of pure solid cobalt. The κ and C p exhibit a much stronger temperature dependence and show peak-like maximums versus temperature. The results suggest the dominance of phonon-boundary scattering in the temperature range 300-400 K. Whereas the thermal properties of the more uniform and confined anisotropic Co NWs samples demonstrate smooth temperature dependence, which suggests the dominance of phonon-phonon or phonon-defect scattering. These results suggest that the composite materials containing nanowires can be engineered for a wide range of applications.
